Abstract. We perform a comprehensive investigation of the coupling between a Rydberg-dressed atomic gas and an ultra-cold plasma. Using simultaneous timeresolved measurements of both neutral atoms and ions, we show that plasma formation occurs via a Coulomb anti-blockade mechanism, in which background ions DC Stark shift nearby atoms into resonance at specific distances. The result is a highly correlated growth of the Rydberg population that shares some similarities with that previously observed for van der Waals interactions. We show that a rate equation model that couples the laser-driven Rydberg gas to the ultra-cold plasma via a Coulomb anti-blockade mechanism accurately reproduces both the plasma formation and its subsequent decay. Using long-lived high angular momentum states as a probe, we also find evidence of a crossover from Coulomb anti-blockade to Coulomb blockade at high density. As well as shedding light on loss mechanisms in Rydberg-dressed gases, our results open new ways to create low-entropy states in ultra-cold plasmas.
Introduction/motivation
Over the last 20 years, the excitation of laser-cooled atoms to high-lying Rydberg states has emerged as a powerful technique for the creation and study of stronglyinteracting many-body systems. Experiments are generally carried out in the frozen gas regime [1, 2] , where the van der Waals interaction between neighbouring Rydberg atoms dominates the kinetic energy. However, the finite lifetime of Rydberg states due to spontaneous decay and black body radiation [3] have provided a fundamental limit to the timescale over which the system can be studied and manipulated. More recently, Rydberg dressing has emerged as a route to extend the interrogation time [4, 5, 6, 7, 8, 9, 10 ]. An off-resonant coupling laser admixes a small amount of the Rydberg state into the ground state, providing a much longer lifetime at the expense of reduced interaction strength. The many-body nature of the dressed interaction also has qualitatively new features, such as a finite or "soft-core" interaction potential at short range that was proposed as a route to create many-body spin squeezed states for quantum metrology [5, 11] . The long timescales associated with Rydberg dressing also open up the possibility of coupling the strong interactions between Rydberg atoms to the motional state of the atoms, leading for example to a possible supersolid phase in BoseEinstein condensates [7, 8, 9] . Experimentally, Rydberg-dressing has been demonstrated for two atoms [12] and in optical lattices [13, 14] . However, attempts to observe Rydberg dressing in high-density BECs and 3D lattice gases have been hampered by unexpected loss mechanisms associated with enhanced population of the Rydberg state, which have in general limited the achievable lifetime to less than 1 ms [15, 16, 17, 18] . Recently our group successfully Rydberg dressed a magneto-optical trap (MOT) using the energy level scheme illustrated in figure 1(a), achieving a lifetime of > 1 ms [19] . During the course of this work, we observed that Rydberg dressing in large samples may be accompanied by the formation of an ultra-cold plasma (UCP), leading to rapid loss. While previous work has studied the coupling of a Rydberg gas to an UCP in both the pulsed [20, 21, 22] and continuous [23, 24] regimes, these studies have focussed on the case of resonant excitation. In this paper, we study the growth of a plasma under off-resonant excitation using time-resolved detection of individual ions. We show that plasma formation occurs via a Coulomb anti-blockade mechanism, illustrated in figure 1(b) , where background ions DC Stark shift nearby atoms into resonance at specific distances. The result is a highly correlated 'facilitated growth' of the Rydberg population, that shares some similarities with that previously observed using van der Waals anti-blockade [25] . A rate equation model that couples the driven Rydberg gas to an UCP via this correlated excitation model accurately reproduces both the initial creation and subsequent decay of the observed ion signal. At longer times, the ionization of long-lived high angular momentum Rydberg states produced in the plasma provides evidence for the interplay between Coulomb blockade [26] and Coulomb anti-blockade in the plasma. In future experiments, controlling this process may provide a route to creating an UCP with a strongly correlated ionic state [27] . Our work also provides a strategy for minimising losses due to ionization in cold Rydberg gas experiments.
Experimental techniques
The experiments began with the formation of a MOT of 88 Sr atoms operating on the narrow 5s 2 1 S 0 ↔ 5s5p 3 P 1 transition. A MOT beam detuning of δ MOT /2π ≈ −175 kHz and an intensity per beam of I MOT = 3-50 I sat (where I sat is the saturation intensity of the transition) resulted in 1/e 2 cloud radii of 30-60 µm (100-200 µm) in the vertical (z) (horizontal (x)) direction, and temperature T z = 1 µK. The MOT is loaded from a first-stage MOT operating on the much broader 5s 2 1 S 0 ↔ 5s5p 1 P 1 transition. By varying the number of atoms captured in the first-stage MOT, the final density of the MOT can be varied independently of the other experimental parameters. More details on the apparatus and loading process can be found in [28, 29, 30] .
Atoms in the MOT were subsequently coupled to the Rydberg state by offresonantly driving the 5s5p 3 P 1 → 5s36d 3 D 1 transition using 50 mW of 319 nm light [31] with a beam waist of 160 µm (120 µm) in the vertical (horizontal) direction, resulting in a peak coupling beam Rabi frequency of Ω/2π = 4 MHz. The coupling beam detuning was varied from ∆/2π = −20 to +20 MHz, allowing observation of the attractive van der Waals interaction of the 36d 3 D 1 state for negative detunings, and the DC Stark shift due to nearby ions for positive detunings, illustrated in figure 1(b). As we showed in our previous work, laser cooling and trapping forces continue to operate in the Rydbergdressed MOT [19] . After dressing for a time t d , the cloud was imaged using resonant absorption imaging on the 461 nm transition ( figure 1(a) ). As the cloud was often optically thick, ballistic expansion was sometimes used to reduce the optical depth of the cloud β before imaging, sacrificing information on the cloud spatial profile. Fitting to the cloud shape, the ground state population N g was measured.
The spontaneous generation of ions in the cloud [21, 32, 33] was studied by continuously counting the ions using a micro-channel plate (MCP) rather than directly (and destructively) probing the Rydberg population through field-or auto-ionization. Detection was enhanced through a small bias field of ∼20 mV/cm that draws ions towards the MCP in 30 µs. Using a fast digital oscilloscope, the arrival of individual ions was logged with a detection of efficiency of up to 2% [30] and a time-resolution better than 10 ns [34] . The resulting ion signals were then binned according to their arrival times to produce an ion detection rate; by varying the bin width rates could be measured over several orders of magnitude. The combination of non-destructive and time-resolved single-ion detection allows observation of ion detection rates in real-time over the long (> 5 ms) timescales relevant to Rydberg-dressing experiments, illustrated in figure 4 . By repeating the experiment up to 12 times for a given set of experimental conditions, we gain access to the statistical distribution of the ion signal. In particular, we can evaluate the time-dependent Mandel Q parameter given by [35] 
where (∆N (t)) 2 and N (t) are respectively the variance and mean of the ion signal at time t. Q parameters greater than zero indicate super-Poissonian signals often associated with anti-blockade and collective excitation; Q parameters below zero indicate subPoissonian statistics often associated with blockade effects and nonlinear excitation suppression [36] . We do not correct measured Q parameters for detection efficiency.
Atom loss and spontaneous ionization
The change in the optical depth of the MOT due to the Rydberg coupling laser is illustrated in figure 2 This result is consistent with the attractive van der Waals interaction [37] shifting nearby pairs of atoms into resonance (anti-blockade) as observed in previous experiments [38, 25] . A density of 2 × 10 10 cm −3 corresponds to a Wigner-Seitz radius (defined as the radius of a sphere of volume equal to the mean volume per atom) of 2.3 µm, similar to the 1.6 µm facilitation radius of the 36d 3 D 1 Rydberg state for Ω/2π = 4 MHz, ∆/2π = −6 MHz at which the van der Waals interaction shift is equal to the coupling beam detuning.
As the density was increased further, additional loss also appeared for positive detunings. Unlike for zero and negative detunings, the atom number was observed to fluctuate dramatically from shot to shot as shown in figure 2(b) . This behaviour cannot be explained through the attractive van der Waals interactions of the 5s36d 3 D 1 Rydberg state. Instead we attribute this loss to the presence of ions in the cloud; for positive coupling beam detunings the ions DC Stark shift atoms into resonance with the coupling beam, leading to enhanced Rydberg excitation and atom loss from the MOT. The corresponding ion signals for the data shown in figure 2 are shown in figure 3 . The time dependence of both the ion detection rate Ṅ and the Mandel Q parameter are shown. The ion detection rate shows a strong density dependence, with negligible ionization at low density. At intermediate densities, ions are only observed on resonance and for negative detunings. This observation is consistent with the enhanced loss for negative detunings observed in figure 2. The ion signal is slightly super-Poissonian, which is consistent with the expected correlated growth of Rydberg excitations due to the anti-blockade effect [36] . This effect has been studied in detail elsewhere [39, 40, 41] and we do not examine these results further.
At the highest atom density (figure 3(c)) significant ionization is also observed for negative detunings. In fact for ∆ < 0 the detector saturates at high density, leading to the sub-Poissonian statistics observed in the Mandel Q parameter. Of interest for this paper is the appearance of a large ion signal for positive detunings, accompanied by super-Poissonian statistics, which is consistent with the enhanced atom loss observed in figure 2 . Furthermore, histograms of the ion signal (figure 2) show that the distribution of the total number of ions detected becomes bimodal at high density and positive detuning. This observation is consistent with an avalanche effect that strongly enhances Rydberg excitation and ionization. Our interpretation is that the correlated growth of Rydberg excitation due to the DC Stark shifts from nearby ions eventually leads to the runaway formation of an UCP, leading to rapid ionization of nearly all the remaining Rydberg atoms.
Time dependence of the ion signal
To investigate this effect in more detail, we study the time dependence of the ionization rate for a single detuning. These data were taken with different parameters to figure 2 that are chosen such that the plasma threshold is always reached and the distribution is no longer bimodal. Four different stages can be identified in figure 4:
• Plasma seeding and growth (inset (a)) -after a density-dependent delay (the plasma seeding time), the ion signal rapidly rises within the first 20 µs of dressing.
• Rapid atom loss ((a) and (b)) -strong Rydberg excitation results in large ion signals and rapid loss of ground state atoms. The ion signal and the atom number decay at similar rates.
• Dressed MOT -the rate of atom loss reduces abruptly and the ion detection rate stabilises, leaving a relatively long-lived, low density Rydberg-dressed MOT that is similar to that presented in [19] .
• Long-lived Rydberg atoms -a long-lived ion signal continues to be observed even when the dressing laser and MOT beams are switched off.
To interpret these stages, we note that previous work has shown that in a spontaneously ionizing Rydberg gas, an UCP is formed once the number of ions exceeds a threshold given by N C = E e (π/2) 4π 0 σ/e 2 , where the electron energy E e is equal to the Rydberg binding energy, e is the electron charge, 0 is the electric permittivity of vacuum and σ is the cloud radius [42, 21, 43] .
The resulting plasma undergoes rapid expansion driven by disorder-induced heating [44, 45] , typically living for just a few tens of microseconds [46] . During the plasma phase, the trapped electrons collide with the remaining Rydberg atoms, leading to rapid ionization and the formation of long-lived high-angular momentum Rydberg states [47] . The density-dependent seeding time thus represents the time taken for the number of ions to reach the plasma threshold. At this point, electron Rydberg collisions become possible, leading to a rapid increase in the ionization rate. The ions in the plasma are replenished from the (decaying) atomic population, until the rate of ionization is no longer high enough to balance the rate of ion loss due to plasma expansion, and the plasma is quenched. Ionization can still proceed through non-collisional processes, but at a much lower rate, and the atom population decay is reduced. Once the dressing laser is switched off, the slow black-body radiation induced ionization of long-lived, high-l Rydberg atoms [47] created within the plasma is observed. In figure 4 (c) we show that the total number of detected ions exhibits the threshold dependence on the ground state atom number that is characteristic of an UCP.
Theoretical description
The coupled evolution of a Rydberg gas and an UCP has been considered theoretically by several groups [24, 23, 48] . However these works have focussed primarily on the role of ions in suppressing, rather than enhancing, the Rydberg excitation rate by DC Stark shifting the resonant Rydberg coupling laser off-resonance with the transition. Here we develop a model based on coupled rate equations for the total number of each of the three key species present in the cloud: ground state atoms N g , Rydberg atoms N Ryd and ions in the cloud N ion . Solutions of the rate equations can then be compared directly to data such as that shown in figure 4 .
The initial atom cloud is assumed to be a spheroid of randomly-distributed groundstate atoms, with uniform density and radius σ. As a further simplifying assumption, the Rabi frequency of the coupling laser Ω is also considered to be uniform across the cloud. A fraction P E of the atoms are considered to be excited to the 5s5p 3 P 1 state by the cooling light in the MOT. The value of P E depends on the MOT beam power, and is constrained within the range 0.04 < P E < 0.5 by the operation of the MOT [49] .
Atoms in the 5s5p 3 P 1 state are available for excitation to the Rydberg state by the coupling laser. As the timescale to reach the steady state is on the order of the Rydberg state lifetime of 1/Γ Ryd ∼20 µs, it is much shorter than the timescale associated with the atom loss and ionization shown in figure 4 , allowing us to consider the steady-state Rydberg excitation rate described by the power-broadened (Ω Γ Ryd ) Lorentzian lineshape:
Here the laser detuning ∆ is combined with the DC Stark shift of the Rydberg state caused by the presence of an ion at a distance r
where the polarisability of the Rydberg state is α |m J |=0(1) = −2π×40 (16) MHz/(V/cm) 2 for the two 36d 3 D 1 |m J | states [30] . To take into account the different static polarizability of the |m J | = 0 and |m J | = 1 sublevels we calculate the total excitation rate R Ryd (r) = R Ryd,|m J |=0 (r) + R Ryd,|m J |=1 (r) ; (4) assuming that the coupling strength for each is Ω/ √ 2 to reflect that on average only half of the coupling light will be the correct polarisation to excite each sublevel. This term plays a key role in the simulation by allowing for the enhanced growth of Rydberg excitations when ∆ ≈ ∆ DC , as shown in figure 5 . To include this effect in the model, we express the Rydberg excitation rate as a function of ion number N ion rather than distance r, by integrating over the distribution of atom-ion separations. We treat ions as uniformly distributed such that the number of atoms around an ion is given by ρ atom 4πr 2 δr. The Rydberg excitation rate is then calculated as a function of ion number:
The upper limit of this integral is set by the mean distance between ions given by the Wigner Seitz radius r ion = (3/4πρ ion )
ion , where ρ ion = 3N ion /4πσ 3 is the ion density. The ion Wigner Seitz radius is the radius of a sphere with a volume equal to the mean volume per ion; using this approach is therefore equivalent to considering the cloud as comprised of spheres of atoms surrounding each ion. The way in which this term leads to density-dependent coupling between Rydberg atoms and ions, along with strong spatial correlations, is shown in figure 5 . At low charge densities, corresponding to large typical atom-ion separations, the Rydberg excitation rate follows the one-body rate. At higher charge densities the Rydberg excitation rate rises until at the 'facilitation radius' the detuning ∆ is compensated by the DC Stark shift. In figure 5 two peaks appear due to the presence of resonances associated with the |m J | = 0 and |m J | = 1 states. The result is a substantial increase in Rydberg excitation and results in the rapid loss of atoms observed in figure 4. At ion densities above 2.5 × 10 9 cm −3 this effect saturates and the integrated excitation rate begins to fall with density. Atoms are so close to ions that the DC Stark shift is large enough to shift atoms beyond resonance with the coupling laser. For large enough ion density, the integrated excitation rate falls below the one-body rate: this is the Coulomb blockade regime [26] . This suggests that Coulomb blockade may result in a self-limiting Rydberg population similar to that proposed in [24] , even when the overall effect is one of avalanche antiblockade.
To complete the rate equations, we also consider the decay and loss mechanisms for Rydberg atoms and ions. Our experiments have shown that there are two important one-body decay processes that contribute to the overall decay rate of the Rydberg states Γ Ryd . The first is radiative decay, which occurs predominantly to low-lying triplet states that are not connected by dipole-allowed transitions to the ground state. This decay is included in the model by introducing a dark state with associated population N dark . Population in this state does not contribute to absorption images, and appears as an overall loss of atoms from the cloud. The second process is spontaneous ionization. Even in the absence of an UCP (i.e. below threshold), a significant background ionization rate is observed. To quantify the branching ratio between radiative and ionizing decay we have measured the ratio of ions created without autoionization (i.e. through spontaneous ionization) to the total Rydberg population measured using autoionization [29] following a controlled excitation sequence with no plasma or significant ion population present. From this we estimate that approximately P ion = 30% of the Rydberg atoms decay to ions, through several mechanisms such as blackbody radiation [32] , collision with hot atoms [21] and Penning ionization [33] . A high ionization fraction is consistent with high densities of attractively interacting Rydberg states [50, 51] . The spontaneous ionization process is included in the model as a one body couplingṄ ion = P ion Γ Ryd N Ryd with decay to dark states described asṄ dark = (1 − P ion )Γ Ryd N Ryd .
Crucially, above the threshold for plasma formation, Rydberg atoms are also ionized by collisions with trapped electrons [20] , resulting in an avalanche process as the rising electron population increases the collision rate. In our simulations, we consider that a plasma forms when N ion > N C = E e (π/2) 4π 0 σ/e 2 , where the electron energy E e is equal to the Rydberg binding energy [43] . Above this threshold, an additional term proportional to the electron density couples N Ryd and N ion , given bẏ N ion = 3γ coll N Ryd N e /4πσ 3 P , where N e = N ion − N C is the number of trapped electrons, and σ P is the plasma radius, so that 3N e /4πσ 3 P is the electron density. The rate of ionizing electron-Rydberg collisions is given by γ coll = σ geo E e /m e , where σ geo = πn 4 a 2 0 is the geometric cross-section of the Rydberg atom for a principal quantum number of n [23] . The final components of the model are terms that govern the rate at which ions are expelled from the cloud. We consider two processes. First, an applied electric field of ∼ 20 mV/cm extracts ions from the cloud in ∼ 7 µs. This extraction time gives rise to an ion loss rate of R extract . These ions, labelled N free , are then too far from the cloud to play any further part in the system dynamics so are considered lost. The second process is loss due to expansion of the plasma. Previous experiments on UCPs have shown that the dominant driver of expansion is the back-action of the electrons on the ions (electron pressure) [46] , giving rise to a loss term of the formṄ free = N ion N e R repulsion where R repulsion is treated as a free parameter.
Taken together, these relationships lead to the following rate equations:
If the plasma size σ P is taken to be equal to the size of the atomic cloud, then only two free parameters are not fixed by measurement or theory: P E (which is constrained) and R repulsion . The ion detection efficiency (a linear scaling between the measured signal and N ion ) is also treated as a free parameter, with best fitting found with a factor of 0.1%.
Before presenting a detailed comparison of the model with the measured data in the next section, it is insightful to reconsider some of the underlying physics. In particular, we point out that our model assumes that the formation of the plasma introduces an additional ionization channel, but does not modify the ion-dependent excitation process. In order for this to be the case, the length scale for the correlated excitation of Rydberg atoms due to nearby ions must be shorter than the Debye screening length λ D = 0 k B T e /e 2 n e [42] . The electron temperature is given by T e , and n e is the electron density. For typical values, we expect a Debye length greater than 10 µm, much greater than the interparticle separations. Consequently, we do not expect electrons within the plasma to screen atoms in the cloud from the presence of nearby ions, and do not consider them to modify the steady-state Rydberg excitation rate.
Comparison with experimental data
In this section, we compare solutions of the rate equations (equations 6-10) to experimental measurements of the atom number and ion signal. The best fit illustrated in figure 6 was obtained with R repulsion = 10 4 e −1 s −1 and P E = 0.5 (0.3) for a MOT beam intensity of I MOT = 26 I sat (I MOT = 9 I sat ). This value of R repulsion = 10 4 e −1 s −1 corresponds to ions leaving the cloud in 1 µs for an electron population of 100, which is consistent with plasma expansion velocities observed in UCPs [46] . The plasma size σ P was also treated as a free parameter. For the case of I MOT = 9 I sat , we see good agreement with a constant plasma size of 45 µm, consistent with the cloud size of 50 µm by 100 µm 1/e 2 vertical and horizontal radii. However, in the case of higher MOT beam power, we observe best agreement allowing the plasma size to rise with initial atom number from 40 µm to 50 µm, suggesting that at sufficiently high ion production rates the plasma size is a function of ion production rate. Figure 6 shows that the simulation accurately reproduces the temporal behaviour of the atom number and the ion signal over several orders of magnitude, at least for the first ∼ 1 ms of dressing. This includes both the rapid rise of the ion signal during the initial growth phase, and the subsequent decay, including regions where this decay deviates from a simple exponential. Importantly, examining each of the terms in this model enables us to understand which processes are important in each phase.
The density-dependent plasma seeding time defined in figure 4 is also quantitatively reproduced by the model, as shown in figure 7 . The model shows that the seeding time and subsequent rapid loss depend critically on the existence of the Coulomb antiblockade mechanism illustrated in figure 5 . As shown in figure 7(b) , the rise in the Rydberg population only occurs if the correlated growth of the Rydberg fraction due to ions is taken into account. The delay between the rise in Rydberg fraction and the rise in ion population is attributed to the time taken for ionization of Rydberg atoms to occur. When the plasma threshold is reached, the model predicts a sharp spike in the number of ions that dissipates due to plasma expansion that we do not observe, likely due to ions spreading out on their way to the detector. Once the plasma has formed, collisional ionization of Rydberg atoms by electrons becomes a dominant process. The population in the Rydberg state drops as the ionization rate due to Rydberg-electron collisions dominates. The result is a largely exponential decay of the atom number, which since the ions are continually lost from the cloud is also mirrored in the ion signal. A quantitative comparison between the model and the data in this regime was made by fitting an exponential decay to the experimental and simulated data shown in figure 6 . The resulting 1/e lifetimes are compared in figure  8(a) , and the overall agreement is very good. We also observe a rise in plasma and cloud lifetime with increasing initial atom number, shown in figure 8(b) . At first glance this result is suprising. The origin of this effect is the switch from Coulomb anti-blockade to Coulomb blockade for charge densities above 2.5 × 10 9 cm −3 shown in figure 5(b) . As the atom number increases, the charge density increases above this value, leading to a reduction in the Rydberg fraction and an increase in the cloud and plasma lifetime. The plasma simulation predicts a peak charge density of up to 4 × 10 9 cm −3 across the plasma, sufficient to reach the self-limiting regime. This self-limiting effect is also responsible for the deviation from exponential decay in atom number and ion detection rate observed in figure 6 , which is observed in both the data and the model. Further evidence of the important role of this density-driven cross-over from anti-blockade to blockade is presented in section 7.
Eventually, the number of ions in the cloud decays to below the plasma threshold, and the plasma terminates, resulting in the abrupt change in the slope of the decay for atoms and ions that is observed in the atom number between 0.5 ms and 1 ms (figure 6). After this point, the role of ions in the excitation and decay processes becomes insignificant due to the low atom and ion density, and the rate equation model is no longer appropriate. Instead, the losses from the cloud are dominated by mechanical effects that originate from the combined effect of the AC Stark shift due to the dressing laser, and the ongoing laser cooling. A quantitative model for this regime was provided in our previous work on Rydberg dressed laser cooling [19] .
Lastly, we note that in figure 6 we observe a factor of ∼ 2 between the observed atom number and the modelled atom number at the point of plasma termination. We hypothesise that this difference is due to the finite extent of the UCP, which our fits suggest is less than the size of the atom cloud. Depletion of the atom number due to the plasma therefore occurs preferentially at the centre of the cloud, leaving the wings untouched. This effect is not included in the model. Since we ballistically expand the cloud before imaging, we are unable to study the spatial dependence of the loss. In future experiments it may be possible to directly probe the spatial dependence of the Rydberg excitation in the cloud [34] .
In summary, the rate equation model successfully reproduces the plasma formation and decay processes in this complex coupled system. The agreement is good across multiple observables, including the time dependence of the atom number and ion signal and their dependence on cloud density and MOT beam power. The role of ions in the cloud is critical throughout this process, influencing both the seeding of the plasma and the enhancement and partial suppression of Rydberg excitation within the plasmacoupled cloud.
Long-lived Rydberg population
A final probe of the plasma dynamics is the long-lived Rydberg population observed after the coupling laser is turned off (shown in figure 4 ). Long-lived Rydberg atoms may form in an UCP due to three-body recombination or electron-Rydberg collisions. Although previous studies of continuously driven plasmas have found that three-body recombination can modify the plasma dynamics [48] , we do not expect three-body recombination to be significant at the charge density that we reach [52] . Instead we attribute the formation of long-lived Rydberg states to the population of high-angular momentum states by electron-Rydberg collisions, which are significant even at low plasma density [22] . Once created, these high angular momentum states are slowly ionized by blackbody radiation, giving rise to an ion signal that can be observed several milliseconds after the dressing laser is turned off [47] . The long-lived Rydberg population thus contains information about the initial plasma dynamics even several milliseconds after the plasma disperses. Figure 9(a) shows ion detection rates after the coupling laser has been turned off for the data given in figure 6 and taken at I MOT = 9 I sat with two different initial atom numbers of 3.4 million and 0.3 million. Despite this order of magnitude difference in atom number, the number of ions detected after the dressing laser is switched off is essentially identical. As illustrated in figure 9(b) , the decay rate of the long-lived component of the ion signal is also independent of the atom number and the dressing time. Based on these results, we use the ion detection rate 2 ms after dressing began Ṅ 2ms as a proxy for the total long-lived Rydberg population, and study its variation with dressing time and atom number ( figure 9(c) ).
The most striking observation in figure 9 (c) is that in the first 200 µs of dressing the rate of creation of long-lived Rydberg atoms is almost independent of atom number. The ground state atom number varies by an order of magnitude but Ṅ 2ms rises with dressing time at a largely constant rate until the plasma terminates, which occurs sooner for clouds with lower atom number. The electron-Rydberg collision rate is expected to be proportional to the product of the Rydberg population and electron density. Since the plasma is nearly neutral the electron density is related to the ion density less the plasma threshold. The implication is that the fraction of atoms in the Rydberg state must fall with increasing atom number in order to maintain the constant electron-Rydberg collision rate observed figure 9(c). Such a reduction is indeed predicted by our correlated growth model as shown in figure 5(b) ; for large ion densities the Rydberg excitation rate falls as the DC Stark shift begins to reduce rather than enhance the Rydberg excitation rate, leading to a cross-over to a Coulomb blockade effect for large enough densities. The long-lived ion signal therefore provides independent confirmation of this cross-over that was included in the rate equation model that successfully reproduced the formation and decay of the UCP in figures 6-8. In particular it confirms our interpretation of the dependence of the plasma lifetime on the initial atom number in figure 8.
Conclusion
In summary, we have used non-destructive and time-resolved ion detection to probe the spontaneous formation of ions in a Rydberg-dressed atomic cloud, and their impact on Rydberg excitation and atom loss. Charges created within the cloud can DC Stark shift nearby atoms into resonance with the excitation laser, leading to strong Rydberg excitation. This Coulomb anti-blockade effect eventually leads to the formation of an UCP, resulting in further ionization and atom loss. The existence of a plasma was evidenced by an ionization threshold and the formation of long-lived high angular momentum Rydberg states. At high density, there is a cross-over to a Coulomb blockade region, where the DC Stark shift from neighbouring ions is large enough to shift nearby atoms out of resonance with the excitation laser. The growth in the ion density with atom number therefore becomes self-limiting.
A key consequence of these results is that careful consideration of the relative sign of the van der Waals interaction and the DC Stark shift is essential in order to minimize charge induced losses in Rydberg dressing experiments. The success of this approach is shown in [19] , where the choice of the appropriate Rydberg state led to a significant increase in lifetime.
More interestingly, the quantitative agreement between our model and the experimental data strongly evidences the ability to tailor the spatial correlation function of Rydberg atoms and ions in the cloud via the Coulomb blockade and anti-blockade mechanisms. Divalent atoms offer a powerful toolkit of techniques such as autoionization
